INTRODUCTION
Metastatic castration-resistant prostate cancer (CRPC) is a leading cause of cancer death in men. 1 The current recommended treatment of patients with CRPC is the chemotherapeutic agent docetaxel. 2 Previous studies show a median overall survival (OS) of 19.2 months for patients receiving docetaxel and prednisone compared with 16.3 months for patients receiving mitoxantrone and prednisone. 3 In an effort to prolong survival in this patient population, various antiangiogenic agents have been studied in combination with docetaxel. [4] [5] [6] Angiogenesis plays an important role in the progression of prostate cancer and is inversely associated with survival rates. [7] [8] [9] [10] In a previous randomized phase II clinical trial of patients with CRPC we found that, compared with docetaxel alone, docetaxel plus thalidomide was associated with a higher prostate-specific antigen (PSA) response rate (51% v 37%) and improved OS (25.9 v 14.7 months; P ϭ .040). 6 Picus et al 11 conducted a phase II study testing docetaxel in combination with bevacizumab and estramustine. The promising activity of this combination led to a phase III study comparing docetaxel and prednisone with docetaxel, bevacizumab, and prednisone. The antitumor activity in these phase II studies suggests a potential role for antiangiogenic therapy in combination with chemotherapy in the treatment of metastatic CRPC.
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On the basis of these studies and the knowledge that a complex array of genes control tumor activity, it can be inferred that an optimal antiangiogenic approach will require a combination of different types of treatments. [12] [13] [14] [15] Since thalidomide and bevacizumab act through different mechanisms, it has been hypothesized that these two drugs would be excellent candidates for a treatment cocktail. Thalidomide appears to inhibit the action of basic fibroblast growth factors, endothelial cell proliferation, circulating endothelial cells, and expression of tumor necrosis factor ␣, while bevacizumab acts selectively by neutralizing vascular endothelial growth factor. 16 Thus, we evaluated the combination of bevacizumab, thalidomide, and docetaxel first for safety in mouse models and then for efficacy in patients with metastatic CRPC as a phase II clinical trial.
PATIENTS AND METHODS

Xenograft Mouse Model
The National Cancer Institute (NCI) is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International and follows the Public Health Service (PHS) Policy for the Care and Use of Laboratory Animals. Animal care was provided in accordance with the Guide for the Care and Use of Laboratory Animals. 17 The study protocol was approved by the NCI Animal Care and Use Committee.
Six-week-old, male, severe combined immunodeficiency mice were obtained from the NCI-Frederick Animal Production Area. PC3 cells, grown to 80% confluence, were washed with sterile phosphate-buffered saline buffer, and 1 million cells/100 L were injected subcutaneously into the rear flank of each mouse. Mice were monitored and weighed three times per week. When tumors became palpable, mice were randomly assigned to eight groups (n ϭ 5 to 8) and treated with single agents or with combinations of two or three agents. Mice receiving 100 L of saline intraperitoneally (IP) 5 days/wk served as a vehicle control. Three groups of mice received a single agent alone: bevacizumab (5 mg/kg IP twice a week), docetaxel (10 mg/kg intravenously once a week), or thalidomide (100 mg/kg IP 5 days/wk). Three groups of mice were treated as follows at the same doses and schedules as mice receiving single agents: (1) docetaxel plus bevacizumab, (2) docetaxel plus thalidomide, or (3) docetaxel plus bevacizumab and thalidomide. Three weeks of treatment were followed by 1 week of follow-up, and treatment response was monitored by measuring tumor volume.
Patient Criteria
Eligible patients had castration-resistant metastatic adenocarcinoma of the prostate. Standard Prostate-Specific Antigen Working Group eligibility criteria were used. 18 Patients must have had adequate organ functions (Appendix, online only). They were ineligible if they had grade Ն 2 peripheral neuropathy, uncontrolled persistent systolic blood pressure Ն 170 mmHg, diastolic blood pressure Ն 100 mmHg, or were taking anticoagulant drugs. Patients were also excluded if they had brain and/or leptomeningeal metastases confirmed by imaging, or any other active malignancy within the past 2 years, excluding nonmelanoma skin cancer and superficial bladder carcinoma.
Study Design
This was an open-label, single-arm, phase II study of bevacizumab and thalidomide plus docetaxel and prednisone in patients with progressive metastatic CRPC. The NCI's institutional review board approved the study, and all patients provided signed consent. The primary objective was to evaluate whether this combination regimen resulted in substantial antitumor activity. The trial followed a two-stage Min-Max design 19 to rule out an undesirably low PSA response rate of 65% (P 0 ϭ .65) and to target an 80% PSA response rate (P 1 ϭ .80). The 65% response rate was based on the reported activity of the combination of bevacizumab with docetaxel and estramustine in the same disease setting, which showed 65% of patients experiencing a decrease in PSA of Ն 50%.
11 Secondary objectives included evaluation of progression-free survival (PFS), OS, pharmacokinetics of the study agents, circulating apoptotic endothelial cells (CAECs) before and after treatment, and safety. 6, 20 and received pegfilgrastim, zoledronic acid, and ongoing androgen deprivation therapy as indicated.
Patients were evaluated every 3 weeks, including PSA levels. Staging radiographic studies, including computed tomography scans of the chest, abdomen, and pelvis as well as technetium-99m ( 99m Tc) bone scintigraphy, were performed at baseline, after the second cycle, and every three cycles thereafter.
Docetaxel was withheld for grade 4 hematologic toxicity or grade Ն 3 nonhematologic toxicity at time of treatment. For grade 3 or 4 neutropenia, docetaxel was continued at the regular dose with the addition of pegfilgrastim administered 24 hours after docetaxel infusion. If patients receiving pegfilgrastim experienced grade 4 or febrile neutropenia, docetaxel was decreased by 25%. Thalidomide was withheld for any grade 3 or 4 nonhematologic toxicity related to thalidomide or for grade 2 peripheral neuropathy. Thalidomide was resumed at 50% when toxicities resolved to grade 1 or baseline, unless grade Ն 2 peripheral neuropathy recurred, in which case thalidomide was discontinued. For patients with grade 2 thalidomide-related toxicities, thalidomide was reduced 50 to 100 mg at a time to alleviate adverse effects, and then slowly escalated to maximum-tolerated dose.
Patients with thalidomide-related toxicities were allowed to continue docetaxel and bevacizumab, whereas no dose reduction was allowed for bevacizumab. Bevacizumab was withheld if urine dipstick protein was Ն 2 g, was resumed when 24-hour protein was Ͻ 2g, and was discontinued for grade 4 hypertension, grade Ն 2 thrombosis, a nonhealing wound, or persistent (Ն 3 weeks) grade 3 or 4 adverse events. Patients withdrawn from bevacizumab were allowed to continue docetaxel and thalidomide unless thrombosis developed, in which case thalidomide and bevacizumab were simultaneously discontinued.
Evaluation of Response and Toxicity and Pharmacokinetic Analysis
Tumor response was based on the Prostate-Specific Antigen Working Group criteria and standard Response Evaluation Criteria in Solid Tumors (RECIST) for measurable disease.
18,21 Adverse events were assessed according to the NCI Common Toxicity Criteria, version 3.
Initially, disease progression was determined by PSA criteria or tumor progression was determined by RECIST, new lesion on bone scan, or symptomatic deterioration. After 22 patients were enrolled, the protocol was amended to eliminate the use of PSA criteria alone for study discontinuation, because changes in overall clinical status were not well reflected by these criteria. Before this amendment, 12 patients had been removed from the study on the basis of PSA progression. For those 12 patients, the disease progression was based on Prostate-Specific Antigen Working Group I criteria (including PSA-only progression). Thereafter, patients continued treatment until there was evidence of clinical progression or radiographic progression.
Plasma bevacizumab concentrations were measured using a modified enzyme-linked immunosorbent assay, as previously described, 22,23 and the CAEC analysis was performed using flow cytometry (LSRII, Becton Dickinson, Franklin Lakes, NJ; Appendix).
Statistical Analysis
For the primary end point, percentage of change in PSA from baseline to nadir was calculated and reported in a waterfall plot. Proportions of patients with PSA declines of Ն 50% at any point, Ն 75% at any point, and Ն 30% within the first 3 months of treatment were tabulated.
For key secondary objectives, PFS was defined from on-study date to date of first observation of disease progression or last follow-up. OS was defined Combined Antiangiogenic Therapy for CRPC
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Published by the American Society of Clinical Oncology from on-study date to date of death from any cause. Patients remaining on-study or alive at time of analyses were censored at date of last follow-up. The probability of PFS and OS was estimated using the Kaplan-Meier method.
RESULTS
Efficacy Study in Mice
Treatment with thalidomide or bevacizumab alone inhibited tumor growth by 16% in PC3 xenograft mice compared with vehicletreated mice (Fig 1) . Combining these two agents did not further enhance antitumor activity. Docetaxel alone reduced tumor volume approximately 52% after 2 weeks of treatment. Bevacizumab plus docetaxel led to an earlier onset of tumor reduction than thalidomide plus docetaxel, although tumor shrinkage was similar for both treatment groups after 2 weeks. Mice receiving docetaxel with dual antiangiogenic therapy showed the greatest decrease in tumor volume (71%).
Clinical Study
The characteristics of the 60 patients enrolled in the first-and second-stage cohorts are summarized in Table 1 . Many patients had unfavorable prognostic factors, as evidenced by involvement of soft tissue and visceral diseases, a high Gleason score at diagnosis, and short prestudy PSA doubling time. Two of the 60 patients had no detectable PSA activity. Based on the Halabi nomogram, 24 the estimated median survival for this patient population was approximately 14 months.
At the time data were evaluated, six patients remained on study. Of the remaining 54 patients, 41 had disease progression, seven withdrew voluntarily, five discontinued for toxicity, and one died of accidental aspiration. A total of 1,278 treatment cycles were administered, with a median of 20 cycles (range, 2 to 55). During treatment,
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Time Since Treatment (days) Ning et al 41 patients (68%) required dose modifications of thalidomide, including 33 (55%) with dose reductions and eight patients (13%) who discontinued thalidomide; 16 patients had a 25% dose reduction in docetaxel and seven had bevacizumab discontinued for toxicity. All patients were eligible for safety and efficacy analyses.
Response and Survival
Of the 58 patients with PSA-active disease (Fig 2) , 52 had PSA declines of Ն 50% (89.6%; 95% CI, 78.8% to 96.1%), four had PSA declines of Ͻ 50%, two had rising PSA while on study, 44 (76%) had Ն 75% PSA decline, and 51 (87.9%) achieved PSA declines of Ն 30% in the first 3 months of treatment. Among the 33 patients with measurable disease, there were two confirmed complete responses and 19 confirmed partial responses, with an overall response rate of 64%. Eleven patients had stable disease as their best response and one had disease progression.
PFS was a secondary end point (Fig 3A) . Estimated median time to progression was 18.3 months. This number includes the 12 patients who came off the study for PSA progression and the remaining patients who were required to have clinical or radiographic progression. Thirty-eight of the 60 patients (63%) died after a median potential follow-up of 34 months. The estimated OS curve is shown in Figure  3B . The median survival time from study entry was 28.2 months.
Toxicity
The most common and clinically significant toxicities are summarized in Table 2 . All of the patients developed grade 3/4 neutropenia, while only 20% had grade 3/4 anemia or thrombocytopenia. Grade 3/4 nonhematologic toxicities with an incidence of Ͼ 10% included hypertension and syncope. Significant grade 2 thalidomiderelated adverse reactions included constipation (55%), fatigue (35%), peripheral neuropathy (13%, sensory in most cases), and depression (10%). In addition, grade 2 osteonecrosis of the jaw was observed in 18.3% of patients, which was considerably higher than the previously reported rate.
25,26
Severe adverse events possibly related to the use of bevacizumab included death (n ϭ 1) due to myocardial infarction that was complicated by the development of aortic dissection, grade 4 aortic dissection (n ϭ 1) that resolved after conservative management, grade 3 GI perforation amenable to repair (n ϭ 2), grade 3/4 rectal fistula or ulcer (n ϭ 3), grade 4 nephrotic syndrome (n ϭ 1), grade 3/4 thrombosis (n ϭ 4), and grade 3 bleeding (n ϭ 5). Except for the patient with myocardial infarction, all of these patients recovered and the majority were able to remain on study with discontinuation of bevacizumab.
Pharmacokinetics
Bevacizumab pharmacokinetics were assessed in 57 of 60 patients for cycle 1 and 50 of 60 patients for cycle 2. On average, plasma concentrations remained above 52.84 g/mL (range, 11.94 to 96.09 g/mL) at 3 weeks after the first dose and above 90.57 g/mL (range, 39.63 to 194.08 g/mL) before the third dose. Area under the plasma concentration-time curve up to the last sampling (AUC last ) was calculated based on plasma concentrations collected approximately 21 to 23 days after each dose. The mean AUC last from the first dose was 2,805 g/mL/d, with a percent coefficient of variation of 20%. The median accumulation ratio after the second dose, calculated on the basis of AUC last , was 1.22 (range, 1.01 to 1.72). As with other immunoglobulin G antibodies, 27,28 a low clearance and limited volume of distribution were seen in bevacizumab pharmacokinetics. The mean bevacizumab clearance (0.401 L/d) was slightly higher than previously reported values. 29 This was not attributed to concomitant docetaxel and/or thalidomide, since studies have shown that bevacizumab disposition displays linearly over a wide range of doses, and chemotherapy has a minimal effect on bevacizumab pharmacokinetics. 
Changes in CAECs
CAECs may serve as a marker for assessing a treatment's antiangiogenic activity. CAEC levels were measured at baseline and again at 6 weeks (after two cycles of treatment) in 17 study patients. CAEC levels were compared by using the Wilcoxon rank sum test, categorizing patients with Ͻ 75% PSA decline in one group and Ͼ 75% PSA decline in another group (Fig 4) . Patients with Ն 75% PSA decline had a significant increase in CAEC levels compared with those who had Ͻ 75% PSA decline (P ϭ .02). There was also a strong inverse correlation between relative change in PSA over 6 weeks and the absolute difference in CAECs (r ϭ Ϫ0.82; P Ͻ .001).
DISCUSSION
We evaluated the efficacy of an antiangiogenic therapy combining bevacizumab and thalidomide, plus a conventional regimen of docetaxel and prednisone, in both a preclinical model of prostate cancer and in patients with CRPC. PC3 xenograft experiments showed that this triple regimen was more effective in reducing tumor volumes throughout the treatment period compared with docetaxel alone or docetaxel plus either one of the antiangiogenic agents. Docetaxel alone elicited significant antitumor activity, but its effect was not seen until 5 days after initiation of treatment.
However, adding an antiangiogenic agent such as bevacizumab or thalidomide to docetaxel induced inhibition of tumor growth as early as 1 day after initial treatment. Adding both bevacizumab and thalidomide to docetaxel therapy further potentiated this early onset of antitumor activity. These preclinical results provided the impetus for the clinical investigation in patients with CRPC.
In the phase II study of CRPC patients, the addition of both bevacizumab and thalidomide to docetaxel resulted in 90% of all patients having PSA declines of Ն 50% and a 64% overall response rate in those with measurable disease. Bearing in mind the limitations 
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of using PSA response to predict survival, the antitumor activity, as measured by PSA response, is compelling. Results of this study suggest that using bevacizumab and thalidomide in combination with docetaxel is more effective than a double combination employing either antiangiogenic agent with docetaxel. The single arm and small sample size of these trials clearly limit the significance of this conclusion; nevertheless, the patients in this study represent a population with a predicted median OS of 14 months. The current estimated median survival of 28.2 months after treatment almost doubles the predicted value. Furthermore, the estimated survival might increase with further follow-up, since there were only 38 deaths included in the analysis and most patients remaining alive are 18 to 36 months from their on-study dates. The Cancer and Leukemia Group B is conducting a phase III trial (CALGB-90401) assessing docetaxel with or without bevacizumab in patients with metastatic CRPC. Results of this CALGB trial validate the concept of adding an antiangiogenic agent with chemotherapy in prostate cancer. We are continuing to develop this treatment and to test the activity that lenalidomide may have over thalidomide in this regimen.
The addition of combined antiangiogenic therapy to docetaxel was generally well tolerated in most patients with expected and manageable toxicities observed. Serious adverse events such as thrombosis and other vascular complications were consistent with known adverse reactions to bevacizumab and may be related to a prolonged time on treatment (median 20 cycles, equivalent to 13.8 months). The single myocardial infarction 39 months after treatment and the episode of aortic dissection 18 months after treatment is consistent with increased risk of thromboembolic events with prolonged use of this drug. Additional positive effects of thalidomide and bevacizumab can be seen since none of the thrombotic events led to permanent disability or death despite prophylactic use of enoxaparin.
The exploratory translational study showed a strong inverse correlation between changes in CAECs and PSA level, suggesting that the drug combination may effectively inhibit tumor angiogenesis, and the antitumor activity of the combination may be caused by early changes in CAECs. This is consistent with observations from preclinical studies in prostate cancer models 31 that suggest CAECs may serve as a biomarker for assessing antiangiogenic activity for metastatic CRPC.
Combined antiangiogenic therapy represents a new approach in the treatment of metastatic CRPC. The addition of both bevacizumab and thalidomide to docetaxel and prednisone resulted in unprecedented high response rates based on PSA changes and measurable disease, with expected and manageable toxicities. As with many combination regimens, increased toxicity (eg, GI bleeding/perforation, hypertension, syncope, and thrombosis) is noticed with this treatment, which may raise concerns regarding tolerability in the elderly CRPC patient population. However, the impressive response rate for this treatment warrants definitive evaluation. The high response rate was accompanied by an encouraging estimated median survival rate in this patient population. This warrants further studies of multiple antiangiogenic agents with different acting mechanisms combined with docetaxel.
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